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Abstract—FinFET devices are considered to be the device
substitute for bulk CMOS in sub-20nm technology nodes due
to the reduced short-channel effects, improved ON/OFF current
ratio, and improved voltage scalability. This paper investigates
the problem of optimal selection of deeply-scaled FinFET technology to achieve minimum energy consumption for different
applications such as sensor applications, smartphones, embedded
micro-processors, or server micro-processors, which differ in the
required performance and duty ratio. For each application space,
different FinFET technologies (with different Vth and gate length
biases) are compared in term of minimum energy consumption
for both logic circuits and cache memories. A device-circuitarchitecture cross-layer framework has been developed to facilitate this technology selection. This optimal technology selection
procedure demonstrates up to 11× energy saving compared to
poorly selected technologies.

I.

I NTRODUCTION

The steady down-scaling of feature size of bulk CMOS technology has resulted in various short-channel effects (SCEs),
such as Drain Induced Barrier Lowering (DIBL) and Vth rolloff effect [1]. The SCEs degrade the expected power efﬁciency
achieved by the further scaling of bulk CMOS transistor in
deep-submicron regions [1], [2]. The multi-gate or tri-gate
transistor structures such as FinFETs have been proposed
to rejuvenate the chip industry from SCEs [3], [4]. The
improved electrostatic integrity of FinFET devices can alleviate
SCEs and achieve higher voltage scalability to improve power
efﬁciency [3], [5]. It has been reported that FinFET devices
are estimated to be up to 37% faster while consuming less
than half the dynamic power or reduce the leakage current
by up to 90% compared to bulk CMOS devices [6]. Besides,
the absence of channel doping in FinFETs will eliminate
the random dopant ﬂuctuation, which is a major source of
process-induced variations in conventional CMOS technology
[7]. Therefore, FinFETs are promising device candidates for
bulk CMOS at the 22nm technology node and beyond [4], [6].
For a speciﬁc deeply-scaled FinFET technology, the Vth could
be adjusted through gate work-function engineering [8] and
the gate length could be adjusted by using gate-length biasing
technique [9].

Different applications exist ranging from low-power and
low-duty ratio sensor applications to smartphone applications,
and from embedded micro-processors to high-performance
server micro-processors [10]. Various applications differ from
each other mainly in two factors: required performance (clock
frequency) and duty ratio, in which duty ratio is deﬁned as
the ratio of active time to the total time. However, it remains
unexplored on the optimal technology selection of deeplyscaled FinFET technologies for different application types, or
more speciﬁcally, what are the best-suited Vth and gate length
values of FinFET devices for each type of application and
what is the optimal corresponding supply voltage level Vdd ?
For example, the low-performance and low-duty ratio sensor
application prefers a higher-Vth (due to reduced leakage)
and lower-Vdd (due to reduced switching power consumption)
FinFET technology. On the other hand, a high-performance
and high-duty ratio server application prefers a lower-Vth and
higher-Vdd FinFET technology due to the enhanced speed.
In this paper, we investigate the problem of optimal selection
of deeply-scaled FinFET technology to achieve minimum
energy consumption. We develop a device-circuit-architecture
cross-layer framework by (i) designing and optimizing deeplyscaled (7nm) FinFET devices [11] with different Vth and gate
length biasing values using Synopsys TCAD suite [12], (ii)
extracting Verilog-A formats that are compatible to SPICE
simulation for each type of FinFET device for fast circuit-level
simulation, (iii) and modifying the CACTI tool [13] for cache
memory modeling by adding support for deeply-scaled FinFET
devices. In order to compare different technologies for optimal
selection, we deﬁne distinct application spaces according to
their required performances and duty ratios. Then all different
FinFET technologies (with different Vth values and gate length
biases) are compared in term of minimum energy consumption
for both logic circuits and cache memories. In this comparison,
the supply voltage of logic circuits is properly set to meet the
required performance level, but cannot be reduced below the
minimum energy point since it will be resulted in higher energy
consumption. This optimal technology selection procedure
demonstrates up to 11× energy saving compared to poorly
selected technologies.
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Structure of a FinFET device.

II. F IN FET BASICS AND O UR F IN FET D EVICES
A. 7nm Gate Length FinFET Devices
Figure 1 illustrates the quasi-planar structure of a threeterminal FinFET device. This structure allows FinFET devices
to enhance power efﬁciency, ON/OFF current ratio, as well as
random variation and soft-error immunity compared with bulk
CMOS counterparts [3]. Consequently, the FinFET technology
is currently viewed as the technology-of-choice for technology
nodes below 22nm [4], [6]. The major component that distinguishes FinFET devices from bulk CMOS counterparts is the
vertical ﬁn, which provides the transistor channel. The ﬁn is
surrounded by the gate material, and thus, the gate terminal
establishes a three dimensional control over the channel, which
essentially enhances the gate control and reduces SCEs accordingly. The key geometric parameters of a FinFET device,
which are related to the ﬁn, include the ﬁn height HF IN , ﬁn
width (also known as silicon thickness) TSI , and ﬁn length
LF IN (cf. Figure 1). The effective channel width of a single
ﬁn is approximately equal to 2×HF IN , which is the minimum
achievable channel width in a FinFET device. In order to
increase the width (strength) of a FinFET device, more ﬁns
are added.
Due to the lack of industrial data for deeply-scaled FinFETs,
we develop and optimize our own 7nm FinFET devices [11]
using the Synopsys Sentaurus Tool Suite [12], the advanced
multi-dimensional device simulator from the TCAD tool suite.
Sentaurus Device utilizes various models such as carrier transport, bandgap, mobility, and quantization models, and accounts
for quantum effects in order to simulate electrical and thermal
characteristics of semiconductor devices. For this work, we
have developed a 7nm FinFET process with geometries and
nominal supply voltage listed in Table I, which is considered
as the standard (STD) 7nm FinFET device.
B. FinFET Devices with Leakage Power Saving Techniques
Gate-Length Biasing: The nominal gate length LG of our
FinFET devices is 7nm, and in this work, we consider gate
length biasing technique with increased gate lengths up to 9nm.
The reason to choose 9nm as the upper bound on gate length is
that signiﬁcantly longer gate lengths are not layout swappable
with nominal devices and may result in substantial engineering

change order overheads during layout design. Similar to the
gate length biasing technique for CMOS technology [9], the
relatively small gate length biases for FinFET devices can be
achieved by slight modiﬁcation on the layout. FinFETs with a
longer gate length than 7nm will be referred to as LC devices
in the rest of the paper.
Adjusting Vth : Unlike changing doping concentration to
adjust the Vth value for CMOS devices, we engineer the
work-function of gate materials to increase Vth of the FinFET
devices [8]. The Vth of our standard FinFET device is 0.235V,
and the Vth values of the two high-Vth versions, called HVT1
and HVT2, are 0.335V and 0.435V, respectively.
To sum up, we have generated standard FinFET devices
with 0.235V Vth value and 7nm gate length using Synopsys
Sentaurus Device. We have also generated a set of FinFET
devices with increased (biased) gate lengths up to 9nm and
standard Vth value, as well as two high-Vth FinFET devices
with 7nm nominal gate length and increased Vth values of
0.335V and 0.435V. The naming conventions of all types of
generated FinFET devices along with the characteristics of
each device are summarized in Table II. Finally, we generate
SPICE compatible Verilog-A models for all types of FinFET
devices listed in Table II, which act as the interface between
SPICE and the aforesaid FinFET device models. These SPICEcompatible Verilog-A models compared with the extremely
slow device-level simulations allow us to perform relatively
fast gate- and circuit-level simulations, and are subsequently
utilized for our technology selection procedure to minimize
energy for logic circuits and cache memories.
III. A PPLICATION S PACES AND M INIMUM E NERGY
P OINT OF D EEPLY-S CALED F IN FET C IRCUITS
A. Application Space Classiﬁcation
As shown in [10], the application space can be classiﬁed
based on two metrics, required performance (clock frequency)
and duty ratio, in which duty ratio is deﬁned as the ratio of active time to the total time (sum of active time and standby/idle
time.) By using these two metrics, the whole application space
is classiﬁed into six categories as shown in Figure 2. The
bottom left application space refers to sensor-type applications
with very low duty ratio and low performance, including
environmental sensor and implantable biomedical electronic
devices. The duty ratio of this type is estimated around 0.001
- 0.01 [10]. The low required performance is likely to set the
supply voltage to the minimum energy point, denoted by Vmin ,

C HARACTERISTICS OF OUR GENERATED F IN FET DEVICES . STD, HVT, AND LC DENOTE THE STANDARD , HIGH VOLTAGE THRESHOLD ,
AND LONG CHANNEL DEVICES , RESPECTIVELY.

0.1 ~ 1.0
0.001 ~ 0.05

Duty Ratio

Device
Name
STD
HVT1
HVT2
LC1
LC2

Gate Length
(nm)
7
7
7
8
9

Threshold
Voltage (V)
0.235
0.335
0.435
0.235
0.235

ON Current (A/μm)
NFET
PFET
8.818e-04
5.504e-04
4.139e-04
2.860e-04
5.100e-05
6.100e-05
8.107e-04
5.061e-04
7.689e-04
4.768e-04

(2,1)
Low
Performance
Embedded
Microprocessors

(2,2)
Medium
Performance
Embedded
Microprocessors

(2,3)
High
Performance
Server
Processors

(1,1)
Sensors

(1,2)
Handset

(1,3)
Smartphones

500M ~ 1G

2G ~ 5G

500K ~ 50M

Frequency (Hz)

Fig. 2. Classiﬁcation of application spaces based on different performance
(clock frequency) and duty ratio requirements.

at which the energy consumption per operation is minimized
[7], [10]. Further reducing supply voltage lower than Vmin
will actually increase the energy consumption per operation
because of the exponentially increasing delay in the sub/nearthreshold region. The other ﬁve application spaces refer to
handset applications, smartphones, low-performance embedded processors, medium-performance embedded processors,
and high-performance server processors.
B. Minimum Energy Point of Deeply-Scaled FinFET Circuits
We test the energy consumption per operation of a 40-stage
FO4 inverter chain using the STD device at different supply
voltage levels, in order to ﬁnd the Vmin . Figure 3 illustrates the
minimum energy point of the inverter chain at different activity
factors (α). When α is higher than 0.2 (typical activity factor
for a micro-processor), the minimum energy point is lower
than Vth = 0.235V and lies in the subthreshold regime. When
α is lower than 0.2, the minimum energy point lies in the nearthreshold regime. Similarly, we derive the Vmin values for the
other four types of FinFET devices using the same method.
Details are omitted due to space limitation.
IV.

T ECHNOLOGY S ELECTION FOR E NERGY
M INIMIZATION

A. Logic Circuits and Cache Memory Modeling for Energy
Comparison
Logic Circuits: For energy analysis and minimization, we
model generic FinFET logic circuits by a 40-stage FO4 inverter
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Fig. 3. Active, standby, and total energy consumptions of 40-stage FO4
inverter chain for different VDD values. Total energy consumption is measured
for various activity factors. Vertical lines in the ﬁgure point to the Vmin .
Moreover, vertical axis is in logarithmic (base 10) scale.

chain using a speciﬁc type of FinFET devices. Similar to
[10], we simulate the inverter chain in SPICE to determine
propagation delay and energy consumption. We only use clock
gating during the standby mode in order to reduce the energy
consumption. More efﬁcient leakage saving techniques, such
as power gating, are out of the scope of the current paper.
The nominal supply voltage of the FinFET circuits is
0.45V, but based on the performance requirements of each
application space, an appropriate supply voltage is derived.
The derived supply voltage should be larger than or equal to
Vmin , because as the supply voltage is reduced below Vmin ,
we start losing both energy saving and performance. At the
selected supply voltage level, the total energy consumption is
comprised of three parts: (i) Eswitch which is the switching
energy consumption, (ii) Eleak which is the leakage power
consumption within active cycles, and (iii) Estandby which is
the standby power consumption during idle time.
Cache Memory: In order to analyze and model the energy consumption of FinFET-based cache memories, we have
modiﬁed the CACTI tool [13], which is a widely utilized
architecture-level simulation tool for cache memory design and
characterization. We have incorporated 7nm FinFET support
into CACTI. More speciﬁcally, we (i) extracted process- and
device-level parameters from Sentaurus Device, (ii) derived
SRAM cell-level parameters (e.g. leakage current) from SPICE
simulations using the Verilog-A models, and (iii) used most

B. Technology Selection for Energy Minimization in Logic
Circuits
Figure 4 shows the optimal FinFET device that leads to the
minimum total energy consumption for different application
spaces. The application space covers a wide range of clock
frequencies, from 500KHz to 5GHz, and duty ratios, from
0.001 to 1. We observe that the STD device is the optimal
technology selection for high frequency and high duty ratio
applications. The reason is that nominal devices for each
technology node are typically designed and optimized for high
performance applications in order to satisfy the increasing
demand for faster digital computation. On the other hand, by
moving towards lower clock frequencies or duty ratios, the
standby energy consumption becomes the dominant component
of the total energy consumption. Hence, FinFET devices
optimized for leakage saving are becoming more favored in
these applications. More precisely, from the top-right corner
of Figure 4 where high performance applications stand, by
lowering clock frequency or duty ratio, low leakage FinFET
devices appear as the choice of technology in the same order
of their associated OFF current, i.e., LC1, LC2, HVT1, and
HVT2 (cf. Table II).
In order to evaluate the effectiveness of the optimal technology and VDD selection procedure on reducing the total
energy consumption, we consider the STD device operating at
0.45V as the baseline. Choosing the optimal FinFET device
and VDD level for different application spaces then results
in 6× on average energy reduction. Speciﬁcally, for very
low performance applications, up to 11× energy reduction
is observed. In such low performance applications, Estandby
dominates the total energy consumption, and hence, using low
leakage FinFET devices can signiﬁcantly enhance the energy
efﬁciency of circuits.
C. Technology Selection for Energy Minimization in Cache
Memories
We also derived the optimal FinFET device that leads to
the minimum energy cache memory for different application
spaces, and the results are shown in Figure 5. The highest
L1 cache clock frequency obtained by our FinFET devices is
2.9GHz (for STD device), so the 5GHz column is omitted in
the memory results. For applications which access the memory
very frequently, where Eswitch is the dominant element, STD
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Optimal FinFET device for logic.
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Duty Ratio

recent ITRS predictions for interconnect scaling [14].
The nominal supply voltage used for FinFET-based cache
memories is 0.45V, and the supply voltage will not scale down
even if there is slack time in each clock cycle (i.e., when
required performance is low) due to process variation and
robustness considerations of SRAM cells. For each pair of
required performance level and duty ratio, the total energy
consumption calculation is similar to that of logic circuits, and
is calculated for a 16KB, 2-way set-associative, 64B line, L1
cache memory.
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Optimal FinFET device for cache memory.

device is the optimal choice. However, such applications are
very rare, and if we ignore those results, the rest of optimal
choices are among low leakage FinFETs. This is because of the
large number of SRAM cells that are used in cache memories,
which produce signiﬁcant leakage current paths.
As a result, Estandby becomes signiﬁcantly important for
cache memories. In order to minimize the cache energy
consumption, we adopt hybrid cache designs where peripheral
circuits and SRAM cells can take different device types.
Generally, the cache access latency is mainly dependent on
peripheral circuits, such as row decoder and wordline drivers,
whereas cache standby energy signiﬁcantly depends on the
leakage current of SRAM cells. Hence, high speed devices
for peripheral circuits, but low leakage devices for SRAM
cells, are preferred. Results of the optimal FinFET selection
for minimum energy hybrid cache design are shown in Figure
6, which conﬁrm the effectiveness of hybrid cache designs.
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V.

C ONCLUSION

We analyzed the optimal selection of deeply-scaled FinFET
technology to minimize energy consumption for different
applications, which differ from each other in terms of the
clock frequency and duty ratio. For each application type, we
compared different FinFET devices for energy minimization
for both logic circuits and cache memories. We developed a
device-circuit-architecture cross-layer framework to facilitate
the optimal technology selection, and demonstrated signiﬁcant
energy saving (up to 11×) through this optimal technology
selection procedure.
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